ABSTRACT-Extracellular cold-inducible RNA-binding protein (CIRP) functions as damage-associated molecular pattern and has been demonstrated to be responsible in part for the damage occurring after renal ischemia-reperfusion (I/R). A short peptide derived from CIRP, named C23, binds to myeloid differentiation factor 2, a Toll-like receptor 4 coreceptor. We hypothesize that C23 reduces renal ischemia-reperfusion (RIR) injury by blocking CIRP. We observed that pretreatment with C23 significantly decreased the levels of recombinant mouse CIRP-induced tumor necrosis factor-a (TNF-a) in a dosedependent fashion in cultured macrophages. C57BL/6 mice were subjected to bilateral renal pedicle clamps for 35 min to induce ischemia, followed by reperfusion for 24 h and harvest of blood and renal tissue. C23 peptide (8 mg/kg) or vehicle was injected intraperitoneally at the beginning of reperfusion. Plasma TNF-a, interleukin 1 beta (IL-1b), and IL-6 levels were decreased in C23-treated RIR mice as compared with vehicle-treated mice by 74%, 85%, and 68%, respectively. Expressions of TNF-a and keratinocyte chemoattractant in the kidneys from C23-treated mice were decreased by 55% and 60%, respectively. Expression of kidney injury molecule-1 and neutrophil gelatinase-associated lipocalin in the kidney of C23-treated mice were significantly reduced by 46% and 55%, respectively. Renal tissue histological assessments revealed significant reduction in damage score by 44% in C23-treated mice. Finally, a survival study revealed a significant survival advantage with a 70% survival rate in C23 group vs. 37% in vehicle group. Thus, C23 has potential as a novel therapy for the patients suffering from I/R-induced renal injury.
INTRODUCTION
Renal ischemia-reperfusion (RIR) injury is a common complication of cardiovascular surgery and sepsis-associated shock syndrome, and is a major contributor to acute kidney injury (AKI) (1) . AKI occurs in 35% of all hospitalized patients and is associated with a 2-to 5-fold increase in mortality risk (2) . Patients who survive AKI can develop chronic kidney disease and/or require temporary or sometimes permanent renal replacement therapy. AKI patients are 2 times more likely to be discharged to either a short-or long-term facility, compounding its burden on patients' health and financial resources (3) . Currently, our treatment of AKI is limited to prevention and support; however, recent advances in our understanding of the inflammatory component of this disease have provided possible avenues for future therapies.
Ischemia-reperfusion injury is characterized by restriction of blood supply to an organ followed by restoration of blood flow and reoxygenation (4) . This phenomenon exacerbates tissue damage by initiating an inflammatory cascade including reactive oxygen species (ROS), cytokines, chemokines, and leukocytes activation (4, 5) . If ischemia continues, these cells die and release damage-associated molecular patterns (DAMPs). After reconstitution of blood flow, DAMPs are recognized by pattern recognition receptors on cell surfaces, which in turn induce a sterile inflammatory response in the absence of exogenous pathogens (6, 7) . Cells of the innate immune system, such as neutrophils and macrophages, are activated during this response and produce inflammatory cytokines and ROS that result in further damage to the kidney (4) . Better understanding of the cellular pathophysiological mechanisms underlying kidney injury will result in the design of targeted therapies to prevent and treat the injury.
Cold-inducible RNA-binding protein (CIRP), a 172-amino acid protein, is a member of the family of cold shock protein that responds to cold stress (8) . CIRP is expressed at low levels in various tissues and serves as an RNA chaperone during protein translation (9) . We have recently demonstrated that extracellular CIRP functions as a novel DAMP that triggers proinflammatory responses in hemorrhagic shock and sepsis via the Toll-like receptor 4 (TLR4)-mediated pathway (10) . Injection of recombinant murine CIRP (rmCIRP) into healthy mice produces a sterile systemic inflammatory response evidenced by increased organ injury and inflammatory markers (10) . In a RIR model, CIRP knockout (Cirbp À/À ) mice have shown to have less kidney inflammation and reduced kidney injury markers compared with wild-type (WT) mice (11) . Therefore, targeting CIRP could be a novel therapeutic approach to the treatment of RIR-induced kidney injuries.
By using surface plasmon resonance (SPR), we screened a large number of human CIRP-derived 15-mer peptides, and identified a peptide GRGFSRGGGDRGYGG to exert highest affinity for TLR4-myeloid differentiation factor 2 (MD2) complex and named it C23 peptide (10) . In addition, using computational modeling we confirmed the predicted binding of C23 to the MD2 pocket, further supporting C23's capability of interfering with CIRP's interaction with the TLR4/MD2 complex.
In the present study, we hypothesized that C23 could serve as a CIRP antagonist to attenuate the renal injury in a murine model of RIR. We found the C23 treatment to be significantly effective in mitigating systemic and local inflammation, kidney biomarkers of injury, cellular apoptosis and tissue damage, and finally yielding an overall survival benefit. Thus, identification of C23's promising therapeutic potential in RIR will help advance the preclinical studies to the next level.
MATERIALS AND METHODS

In vitro treatment of C23
A human peripheral blood monocyte THP-1 cell line was purchased from American Type Culture Collection (ATCC) and cultured in RPMI medium with 2-b-Mercaptoethanol to a final concentration of 0.05 mM and with 10% FBS. THP-1 monocytes (0.8 Â 10 6 cells/mL) were seeded in a 48-well plate and differentiated into macrophages using phorbol 12-myristate 13-acetate (PMA) at 20 ng/mL over 48 h at 378C. Differentiated THP-1 cells were then either left untreated or pretreated with C23 peptide at various doses (0 ng/mL, 25 ng/mL, 50 ng/mL, 100 ng/mL, and 250, 450 ng/mL) for 1 h, followed by the stimulation with rmCIRP at 300 ng/mL for 4 h. After rmCIRP treatment, the supernatant was collected for the measurement of tumor necrosis factor-a (TNF-a) using enzyme-linked immunosorbent assay (ELISA).
Animal model of renal ischemia and reperfusion
Adult male C57BL/6 mice (20-25 g), purchased from Taconic (Albany, NY), were housed in a temperature-controlled room on a 12-h light/dark cycle and fed a standard laboratory diet. Animals were randomly assigned to the sham, vehicle control, and treatment groups. The renal IR operation was performed on mice during between 8 AM and 2 PM. RIR was induced in mice as previously described (11) . Briefly, the animals were anesthetized with 3.5% inhalational isoflurane while on a heating pad set to 388C, then their abdomens prepped with 70% isopropyl alcohol. A midline incision was performed, and the bowel was displaced to reveal the bilateral renal hila. Microvascular clips were applied to each renal pedicle for 35 min. After removal of the clips, 8 mg/kg BW of C23 peptide (GRGFSRGGGDRGYGG synthesized from GenScript, Piscataway, NJ) in 100 mL was injected intraperitoneally to serve as the treatment group, whereas normal saline was injected i.p. for the vehicle group. This dose of C23 proved to be efficacious in a small unpublished pilot study on hemorrhagic shock within our laboratory. The abdomen was closed with a running 4-0 silk suture, and a 1 mL bolus of normal saline was given subcutaneously as resuscitation fluid. Reperfusion was allowed for 24 h, followed by the collection of blood and renal tissue samples. Sham animals did not undergo laparotomy. All experiments were performed in accordance with the guidelines for the use of experimental animals by the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee of the Feinstein Institute for Medical Research.
Assessment of cytokines
Blood samples were centrifuged at 6,000 g for 10 min to collect plasma and then either analyzed the cytokines immediately or stored at À808C. Serum TNF-a, interleukin (IL)-6, and IL-1b were determined with an ELISA kit, specific to mouse TNF-a, IL-6, and IL-1b (BD Biosciences, San Diego, Calif).
Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was extracted from kidney tissues using a Trizol reagent (Invitrogen, Carlsbad, Calif) and was reverse-transcribed into cDNA using reverse transcriptase enzyme (Applied Biosystems, Foster City, Calif). A polymerase chain reaction (PCR) assay was carried out in 20 mL of a final volume containing 0.08 mmol of each forward and reverse primer, cDNA, and 10 mL SYBR Green PCR Master Mix (Applied Biosystems). Amplification was conducted in an Applied Biosystems Step One Plus real-time PCR machine under the thermal profile of 508C for 2 min, 958C for 10 min followed 
Kidney histology
Renal tissue was fixed in 10% formalin and embedded in paraffin. Tissue was sectioned into 5-mM slices and stained with hematoxylin and eosin (H&E). Using light microscopy at 200 Â maginification, the level of injury of the outer medulla was assessed in a blinded fashion and grouped into the following qualitative categories: tubular cell necrosis, tubular distension, and cast formation. Scores for each quality ranged from 0 (0% injury), 1 (<25%), 2 (25%-50%), 3 (50%-75%), 4 (>75%), for a maximal total score of 12 when combining them. Scores were averaged for each sample over 5 randomly selected fields (12) .
TUNEL assay
The presence of apoptotic cells in the renal tissue sections were measured by in situ labeling of DNA fragmentation using a terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay kit (Roche Diagnostics, Indianapolis, Ind). Slides were counterstained with 49,6-diamidino-29-phenylindole dihydrochloride (DAPI) and visualized under a fluorescent microscope (company source). The Nikon Elements computer software (source) objectively quantified the number of TUNEL-positive cells of randomly selected four sections for each sample.
Survival study
Mice were subjected to our aforementioned RIR procedure; however, we used 30 min of ischemia time for survival as our original model was lethal at day 1. Immediately after the RIR operation, we administered C23 i.p. (8 mg/kg) at the time of reperfusion while the vehicle received normal saline. The animals were then followed daily for 7 days.
Statistical analysis
Data are expressed as mean AE standard error of the mean (SEM) and compared by one-way analysis of variance (ANOVA) and Student-Newman-Keuls (SNK) test for multiple group comparisons. The Kaplan-Meier method was used for analyzing the survival data, and comparisons between groups were done using the log-rank test. Significance was considered if P < 0.05 between the experimental groups. Our group sizes were comparable to our previous work with RIR (11, 13) and ultimately were justified by statistical significance.
RESULTS
C23 inhibits TNF-a production in macrophages stimulated with CIRP
We first examined the anti-inflammatory effect of C23 in an in vitro model using THP-1 cells. As shown in Figure 1 , we found a significant increase in TNF-a production compared with its basal level with the exposure of THP-1 cells to rmCIRP. However, pretreatment of THP-1 cells to various doses of C23 significantly decreased rmCIRP-induced TNF-a production as compared with no C23-pretreated sample (Fig. 1) . We found a dose-dependent reduction in TNF-a production with increasing concentrations of C23. Exposure with C23 at a low dose (25 ng/mL) 1 h before rmCIRP yields a 26% reduction in TNF-a production, whereas the percentage reduction was more dramatic (69%) with a high dose of C23 (450 ng/mL) pretreatment compared with rmCIRP alone (Fig. 1) .
Systemic inflammation is attenuated in C23-treated mice after RIR The next step in translating this promising small peptide into a potential treatment was to use C23 in an animal model for RIR, followed by the assessment of systemic inflammatory cytokines such as TNF-a, IL-6, and IL-1b. In the plasma the average level of TNF-a was markedly elevated in the vehicletreated mice with RIR compared with sham mice. By contrast, this level was significantly reduced by 74% in the C23-treated animals compared with vehicle ( Fig. 2A ). The IL-6 level was also significantly elevated in the vehicle-treated group, whereas the C23 treatment arm had a significant decrease of 85% as compared with vehicle (Fig. 2B) . Similarly, the IL-1b was significantly reduced by 68% in the C23-treated animals compared with vehicle (Fig. 2C) .
Kidney inflammation is reduced in C23-treated RIR mice
We next assessed for evidence of decreased inflammation in local inflamed tissue from the C23-treated RIR animals. The averaged gene expression of TNF-a in the vehicle group was 4.8-fold higher than the sham group, whereas the treatment with C23 reduced the TNF-a gene expression by 54% compared with vehicle-treated RIR animals (Fig. 3A) . Furthermore, the expression of KC was reduced by 60% in the C23 treatment group relative to the vehicle-treated RIR mice (Fig. 3B) .
Treatment with C23 reduced structural kidney damage after RIR
We prepared kidney tissue sections from each experimental group, stained with H&E and examined them under light microscopy using a semiquantitative scoring system in a randomized blinded fashion. As shown in Figure 4 , A and B, the sections from sham mice revealed normal renal architecture and received an averaged injury score of 0.3. The averaged injury score for the vehicle-treated animals was 9.3, whereas the score for C23-treated mice with RIR was 5.3, representing a significant reduction by 43.5% in kidney injury as evidenced by the representative images shown in Figure 4A .
Expression of AKI-specific injury biomarkers is reduced in C23-treated RIR mice
We next examined the renal tissue for markers specific for acute kidney injury using RT-PCR for NGAL and KIM-1. The   FIG. 1 . C23 inhibits TNF-a production in macrophages stimulated with rmCIRP. A total of 0.8 Â 10 6 differentiated THP-1 cells were treated with either PBS or C23 at 25 ng/mL, 50 ng/mL, 100 ng/mL, 250 ng/mL, or 450 ng/ mL doses. After 1 h, cells were then stimulated with rmCIRP at 300 ng/mL for 4 h, followed by the assessment of TNF-a levels in the culture supernatant by ELISA. We used triplicate cell subcultures for each experimental arm and repeated our process in three separate experiments. Data are expressed as mean AE SEM and compared by one-way analysis of variance and Student-Newman-Keuls method. averaged NGAL gene expression for the vehicle-treated group was 260-fold higher than the sham-operated mice, whereas the expression of NGAL was significantly reduced by 55.4% in C23-treated mice compared with vehicle-treated mice with RIR (Fig. 5A) . Similarly, the KIM-1 gene expression was 311-fold higher in the vehicle-treated animals than in the sham mice, although this was found to be significantly reduced by 46.3% in the C23-treated mice as compared with vehicle-treated group with RIR (Fig. 5B) .
Treatment with C23 reduces cellular apoptosis in the kidney after RIR
To determine whether C23 treatment had an effect on apoptosis, we performed TUNEL assay on the renal tissues of our experimental groups. At 24 h after RIR, vehicle-treated kidney tissue sections showed prominent areas of TUNEL staining as compared with that of sham animals. However, as evidenced in Figure 6 , A and B, there were fewer TUNEL-positive cells on average among the kidneys isolated from C23-treated mice after RIR. Using a computer-based software for counting the TUNEL-positive cells, we found the sham sections to have a few TUNEL-positive cells per section, whereas the kidney sections from vehicle-treated mice showed an average 78 TUNEL-positive cells per section. Strikingly, the C23 treatment group on the contrary had an average of 42 TUNEL-positive cells per section representing a 46% decrease in TUNEL-positivity compared with the vehicletreated animals after RIR (Fig. 6, A and B) .
C23 treatment improves survival in mice after RIR
To demonstrate if there was a long-term benefit of C23 treatment in RIR, we treated mice to our RIR model followed by either i.p. injection of normal saline or C23. At the end of 8 days after RIR, we noticed the overall survival rate of the vehicle-treated mice was 37%. On the contrary, the animals treated with C23 showed a significant improvement in their survival rate to reach 70% (Fig. 7) .
DISCUSSION
DAMPs are endogenous nuclear or cytoplasmic biomolecules that elicit a sterile inflammation when released outside the cell after tissue injury (6) . CIRP is a highly conserved ubiquitous protein to facilitate RNA stabilization (8) . However, when released extracellularly, CIRP acts as a DAMP during hemorrhagic shock and in a number of ischemia-reperfusion injury models (10, 11, 14, 15) . In the present study, we are not able to definitely state what cells release extracellular CIRP after renal IR as we measured the levels and expression in whole kidney tissue lysate, which might contain bundle of cell types such as tubular epithelial cells, endothelial cells, and immune-competent cells. Here, although the mechanism of CIRP release into the extracellular milieu is not precisely known, one possible explanation of its release could be from damaged cells in the kidneys that spill over its intracellular contents including CIRP during renal I/R. The direct proinflammatory role of CIRP has been demonstrated in both in vitro and in vivo models, where it induces the production of TNF-a to further exaggerate inflammation (10) . In RIR, the expression of CIRP is increased in both the kidneys and systemic circulation (11) . Furthermore, Cirbp À/À mice in a RIR model have revealed less injury than in wild-type mice as evidenced by a reduction in inflammatory parameters and kidney injury (11) . To exploit the potential therapeutic value in blocking CIRPinduced injury after RIR, here we used a short peptide derived from the parent human CIRP protein and tested the efficacy of this molecule in RIR in terms of reducing proinflammatory milieu and renal injury.
The gateway of the innate immune response by which renal inflammation occurs in RIR is the activation of TLRs (16) . During IR injury, renal tubular epithelial cells increase expression of TLR4, a major receptor responsible for the inflammatory injury of RIR (17, 18) . TLR4 not only recognizes exogenous products of microorganisms but also recognizes DAMPs. Activation of TLR4 by DAMPs induces an inflammatory response characterized by the release of chemokines and cytokines that attract innate immune cells (4, 19) . We previously have shown that CIRP functions as a DAMP by binding to MD2-TLR4 complex (10, 20) . In quest of synthesizing a CIRP antagonist, we have previously determined the region of CIRP that binds to MD2 by synthesizing 32 oligopeptides covering the entire human CIRP sequence and used SPR to find the peptide with the highest binding affinity for MD2. We set up an in vitro model to assess TNF-a as a read-out for determining the efficacy of these CIRP-derived oligopeptides. Among them we chose a novel short peptide that exhibited highest binding affinity to TLR4/MD2 complex and inhibition of CIRP-induced TNF-a production by macrophages and named it C23. The dose-dependent response in TNF-a production further supports our previously hypothesized mechanism of CIRP signal transduction via MD2-TLR4 and demonstrates its potential as a therapeutic antagonist in RIR as well as other inflammatory conditions. Although performing our in vitro study to elucidate the novel anti-inflammatory role of C23, aside from stimulating the cultured macrophages with recombinant murine CIRP, in a separate pilot in vitro experiment we also exposed the macrophages with lipopolysaccharides (LPS) or high-mobility group box 1 (HMGB1) protein and found that C23 had no ability to reduce TNF-a production in those LPS-or HMGB1-treated macrophages (data not shown). This observation clearly indicates that C23 is solely a CIRP antagonist to attenuate CIRP-induced inflammation. After assessing the in vitro anti-inflammatory role of C23, we next focused on the preclinical study in which C23 was administrated into the RIR animals followed by the assessments of different disease parameters.
The production of inflammatory cytokines is a critical step in the initiation and propagation of maladaptive, harmful inflammation that occurs after kidney ischemia. The activation of TLR4 leads to the production of cytokines such as IL-6, IL-1b, and TNF-a (10, 19) . These cytokines have been shown to play critical roles in promoting inflammatory damage by recognizing their putative receptors that augment downstream signal transduction pathways to produce secondary inflammatory mediators (17, 21, 22) . The resulting postischemia inflammatory mileau causes the local activation and leakage of endothelial cells causing local edema, enhanced local vasoconstriction, leukocyte activation and adherence, and coagulation activation, all of which lead to the local compromise of microcirculation and regional ischemia most commonly of the part of the kidney most susceptible to ischemia, the outer medulla, thus compounding the damage caused by the initial ischemic event. In mice treated with C23, the levels of circulating IL-6, IL-1b, and TNF-a were significantly reduced as compared with the vehicles. Of note, the reduction of serum IL-1b highlights the involvement of inflammasome pathway that C23 could be acting upon via impairing TLR4-mediated signaling. Recently, rmCIRP demonstrated induction of IL-1b release via nuclear factor (NF)-kB and caspase-1-mediated inflammasome pathway in murine lung endothelial cells (23) . Consistent with the serum results, the gene expression of TNF-a and KC in kidney tissue of mice treated with C23 was also significantly reduced as compared with vehicle. Therefore, antagonizing CIRP effects with C23 limits proinflammatory mediators in the circulation as well as local tissue.
To assess for renal injury we used NGAL and KIM-1. NGAL is an iron-transporting protein produced by neutrophils and the epithelial cells of colon, trachea, lung, and kidney in humans and rodents (24) . NGAL has recently earned interest as an injury marker more sensitive and specific for kidney injury than conventional AKI markers (24) . KIM-1 is a phosphatidylserine receptor expressed in kidney epithelial cells that recognizes apoptotic cells and is unique for its lack of expression on myeloid cells (25) . Expression of KIM-1is absent in normal kidneys and seems to only be induced by stress to kidney epithelial cells (4) . Similar to NGAL, KIM-1 has consistently demonstrated in preclinical and clinical studies to be a timely, sensitive, and specific marker for kidney injury (24, 25) . The mice treated with C23 had significantly lower gene expression of both KIM-1 and NGAL when compared with the vehicle FIG. 7 . C23 treatment improves overall survival rate of the mice after RIR. Mice were subjected to 30 min of ischemia followed by reperfusion with intraperitoneal injection of either vehicle (normal saline) or C23 (8 mg/kg BW). A Kaplan-Meier survival curve generated from RIR þ vehicle (n ¼ 19 mice) and RIR þ C23 (n ¼ 20 mice) after an 8-day monitoring period is shown. * P < 0.05 vs. vehicle. RIR indicates renal ischemia-reperfusion.
group, a strong indication of reduced damage in the treatment group. There is no evidence that the expression of either NGAL or KIM-1 is directly induced by a TLR4 dependent pathway; therefore, the reduction in these markers seen in C23-treated mice is likely the result of reduction in RIR-induced maladaptive inflammation harmful to kidney parenchyma.
Our histological findings revealed less architectural tissue damage in the C23-treated group than vehicle as evidenced by less tubal dilation, cast formation, less tubular cell necrosis. The histopathological evidence, used as the gold standard for AKI in humans and animals, echoed the aforementioned reduction in damage evidenced by the relative fall of the AKIspecific injury biomarkers in the C23-treated mice. Similarly, apoptosis is a major pathological hallmark found in RIR. Once renal tubular epithelial cells die they detach from their basement membranes and physically occlude the nephron lumen causing further compromise of kidney function (3) . Previous studies have shown that inhibition of apoptosis protects mice in RIR models. Daemen et al. demonstrated that the administration of the antiapoptotic agents prevented the early onset of not only renal apoptosis, but also inflammation and tissue injury (26) . A more recent study used apoptosis inhibitor in a murine RIR model with resultant increased clearance of tubular debris, less inflammation, and lower mortality (27) . Likewise, mice treated with C23 in our study have significantly less TUNELpositive cells than vehicle as well as a survival benefit. In addition, we have previously discovered that CIRP induces pyroptosis via induction of the inflammasome pathway in lung endothelial cells (23) . As stated earlier, IL-1b, which was previously shown to be released along with induction of capase-1, inflammasome, and pyroptosis, was significantly decreased in the C23 treatment group compared with the vehicle-treated RIR animals in our study (23) .
We acknowledge that our study has limitations in revealing the complete nature of C23's effects on CIRP-induced inflammation. We have previously demonstrated that CIRP is released from macrophages under hypoxic stress and have found increased levels of CIRP in kidney tissue after renal I/R. Because we measured the level and expression of CIRP in whole kidney tissue lysate, which contains varying cell-types such as tubular epithelial cells, endothelial cells, and immunecompetent cells, we cannot definitively state where exactly extracellular CIRP is released within the renal parenchyma after renal I/R. We therefore do not know exactly what cells are affected most by C23.
Another possible limitation is that our sham animals did not undergo laparotomy; however, based on our prior experience we noticed that sham mice with and without laparotomy have no statistically significant difference in the markers used in this study. Our shams also did not receive C23, but we will be studying this with our future studies using C23. However, we have our in vitro data showing no significant difference in the levels of TNF-a production by the macrophages, although they were treated with C23 alone as compared with PBS-treated condition (Fig. 1) , indicating that C23 by itself did not elicit immune response.
In summary, we demonstrated C23's effectiveness with significantly increased survival in the C23-treated mice. This survival advantage was consistent with the associated decreases in inflammation, AKI-specific injury biomarker levels, tissue disruption, and apoptosis seen in the C23 treatment group as compared with the vehicle group. We therefore propose developing this novel therapy with further preclinical work defining C23's therapeutic window, optimal administration route, and timing in hopes of eventually translating this approach into a renal I/R treatment for humans.
